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Abstract 


This  report  documents  a  preliminary  study  of  surface  instabilities  that  occur  at  the 
interface  between  soil  and  air  during  buried  explosions.  The  purpose  of  understanding 
this  instability  is  to  determine  its  effect  on  local  vehicle  loading.  Except  when  the  target 
is  on  the  surface,  e.g.  a  tank  track,  the  most  important  loading  mechanism  from  a  buried 
charge  is  the  impact  of  soil  propelled  at  the  target  by  the  expanding  gas  from  the 
explosion.  Detonation  of  a  shallow  buried  explosive  generally  yields  an  unstable 
interface  between  the  rising  soil  and  the  air.  This  unstable  air  -  soil  interface  appears  to 
be  the  result  of  Richtmyer-Meshkov  instability.  Irregular  “fingers”  of  saturated  sand 
extend  into  the  air  above  a  more  generalized  dome  of  soil.  These  fingers  move  at  a  much 
higher  velocity  than  the  material  between  them  -  especially  at  smaller  stand  off  distances. 
As  a  result,  the  local  load  on  the  target  at  different  positions  on  the  target  at  the  same 
distance  from  the  charge  may  vary  by  50%  or  more  from  shot  to  shot  or  even  within  a 
single  shot .  The  variable  nature  of  localized  loading  on  the  target  requires  a  large  design 
safety  factor  to  assure  vehicle  integrity.  This  has  important  implications  for  efficient 
mine-resistant  vehicle  design. 


Introduction 


This  report  documents  the  results  of  a  preliminary  study  of  the  surface  instabilities  that 
occur  at  the  interface  between  soil  and  air  during  buried  explosive  detonations,  in  order  to 
determine  their  effect  on  local  vehicle  loading.  Except  when  the  target  is  on  the  surface 
of  the  soil,  e.g.  a  tank  track,  the  most  important  loading  mechanism  from  a  buried  charge 
is  the  impact  of  the  soil  propelled  at  the  target  by  the  expanding  gas  from  the  explosion. 
Efficient  design  to  mitigate  the  damage  to  vehicles  caused  by  detonations  of  buried 
explosives  requires  a  detailed  understanding  of  the  loading. 

The  detonation  of  a  buried  explosive  generally  yields  an  unstable  interface  between  the 
soil  and  the  air  as  shown  in  Figure  1 .  Here,  irregular  “fingers”  of  saturated  sand 
extending  into  the  air  above  a  more  generalized  dome  are  visible.  The  fingers  are  moving 
at  a  much  higher  velocity  than  the  material  between  them.  The  existence  of  an  irregular 
soil  interface  between  the  soil  and  the  air  when  the  burial  depth  of  the  charge  is  relatively 
shallow  is  more  than  just  a  detail;  it  affects  the  local  loading  (pressure)  on  the  target 
vehicle.  Figure  2  shows  the  local  peak  pressure  as  a  function  of  horizontal  distance  from 
the  center  of  the  charge  for  a  fixed  height  of  target  above  the  soil  in  three  different 
nominally  identical  tests.  The  peak  loads  vary  significantly  from  shot  to  shot.  Figure  3 
shows  the  results  of  two  tests  with  rings  of  gages  centered  on  the  charge  imposed  on  the 
same  data  as  in  Figure  2  [1].  This  shows  that  even  though  the  total  force  and  total 
impulse  transferred  from  an  explosion  to  a  target  are  fairly  repeatable,  the  pressures,  i.e., 
the  local  load  on  the  target,  at  different  positions  on  the  target  surface  at  the  same 
distance  from  the  charge  may  vary  by  50%  or  more  in  a  single  shot.  This  has  important 
implications  for  efficient  mine-resistant  vehicle  design;  the  variable  nature  of  local 
surface  pressure  on  the  target  requires  a  large  design  safety  factor  to  assure  vehicle 
integrity. 

The  unstable  air  -  soil  interface  appears  to  be  a  product  of  Richtmyer-Meshkov 
instability  (RMI).  RMI  occurs  when  an  incident  shock  accelerates  an  interface  between 
two  fluids  of  different  densities  and  thus  amplifies  any  initial  perturbation  present  on  the 
interface. [2]  Saturated  sand  and  air  differ  in  density  by  a  factor  of  about  1500,  so  this 
effect  is  quite  pronounced  in  the  cases  of  interest  here.  (In  most  instances  of  RMI  studied 
in  the  past,  the  densities  of  the  two  fluids  differed  by  a  factor  of  about  6  or  less  [2].)  RMI 
is  initiated  by  an  impulsive  load,  such  as  a  significant  pressure  pulse  or  shockwave,  when 
the  pressure  and  density  gradients  are  misaligned  at  the  interface.  Preliminary  tests  with 
prepared  depressions  in  the  soil  suggested  that  the  “misalignment”  of  the  soil  -  air 
interface  is  the  product  of  pre-existing,  random,  depressions  in  the  soil  surface.  In  the 
case  where  a  heavy  fluid  penetrates  a  light  fluid,  RMI  typically  features  spikes  of  the 
heavy  fluid  penetrating  the  light  one,  as  is  shown  in  Figure  1.  Since  the  distribution  of 
sizes  and  locations  of  irregularities  in  the  soil  surface  is  random  and  presumed  to  be 
chaotic,  certainly  the  distribution  of  the  locations  of  the  pressure  spikes  will  then  be 
chaotic  and  most  likely  their  velocities  will  be  as  well. 

In  this  preliminary  study,  we  have  focused  on  the  effect  of  depressions  in  the  soil  surface 
in  creating  jets  (fingers)  and  on  determining  the  velocity  of  the  jets,  rather  than  on  the 


chaotic  nature  of  the  soil  surface  in  the  real  world.  Preliminary  tests  showed  that  the 
deeper  the  charge  is  buried,  the  smoother  the  interface  between  the  soil  and  the  air. 
Compare  Figure  4,  where  the  charge  was  quite  deep  with  Figure  1 .  At  this  time  we 
believe  the  interface  between  the  soil  and  the  air  is  smoother  for  deeply  buried  charges 
because  the  pressure  pulse  initiating  the  jets  has  a  lower  peak  pressure  and  longer  rise 
time.  This  belief  should  be  investigated  in  more  detail  in  future  studies.  In  the  tests 
reported  herein,  the  charge  was  quite  deeply  buried  so  that  the  effect  of  the  natural 
depressions  in  the  soil  surface  did  not  overwhelm  the  effect  of  the  planned  depressions. 

To  provide  insight  into  the  results  to  be  expected  from  our  test  program,  as  a  favor.  Dr. 
Andrew  Wardlaw  provided  a  computation  for  a  case  where  the  charge  is  relatively  deeply 
buried  below  a  conical  indentation  in  the  surface  of  the  soil  [3].  The  geometry  of  the 
computation  was  actually  that  of  the  Dome  29  test.  Table  1.  This  clearly  showed  that 
jetting  is  dominantly  a  shockwave  -  driven  process  and  that  the  rising  of  the  dome  of  soil 
is  driven  primarily  by  the  expanding  gas  bubble.  Figure  5  shows  the  computed  density  of 
the  sand  at  various  times.  Notice  in  Figure  6,  a  detail  of  Figure  5d,  that  while  the 
material  under  the  surface  of  the  dome  cavitates  and  the  density  of  the  soil  in  this  region 
can  be,  briefly,  fairly  low,  the  density  of  the  jet  is  about  90%  of  that  of  the  pretest  soil. 
This  is  consistent  with  the  view  suggested  by  Figure  2  that  the  impact  (stagnation) 
pressure  caused  by  a  jet  can  be  quite  high. 

The  variables  most  significant  in  the  formation  of  jets  or  fingers  of  soil  appear  to  be  the 
charge  size  (W),  the  depth  of  burial  (DoB)  of  the  charge  and  the  size  of  the  depression  in 
the  soil.  Thus,  the  test  program  was  structured  to  systematically  explore  the  effect  of 
varying  these  parameters.  In  the  tests  conducted  in  this  program,  all  of  the  soil 
depressions  were  made  with  cones  with  a  45°  half-angle,  so  size  of  the  depression  can  be 
characterized  by  the  diameter  of  the  cone  used  to  make  the  depression  in  the  sand  surface. 
Not  only  were  the  charge  size,  depth  of  burial  and  cone  diameter  systematically  varied, 
some  of  the  values  of  these  variables  were  chosen  to  investigate  the  scalability  of  the 
jetting  phenomenon. 

Test  Program 

We  conducted  16  tests,  14  of  which  produced  data,  as  shown  in  Table  1.  The  soil  in 
which  the  charge  was  buried  was  water  -  saturated  sand.  The  grain  size  distribution  in 
the  two  sand  beds  used  is  shown  in  Figure  7.  Three  charge  sizes  were  used;  0.5  g,  4.0  g 
and  0.069  g.  The  “standard”  charge  size  was  0.5  g,  which  we  have  used  in  previous  tests 
to  observe  the  interface  between  the  rising  soil  and  the  air.  When  this  is  scaled  up  by  a 
factor  of  2,  using  W*^^  scaling,  the  result  is  4.0  g.  The  0.5  g  and  4.0  g  charges  were  made 
up  of  DETASHEET  explosive  containing  63%  PETN  and  an  RISI RP-87  detonator.  The 
charge  weight  given  here  is  the  weight  of  the  PETN  in  the  DETASHEET  plus  the  RDX 
and  PETN  in  the  RP-87.  Eigure  8  shows  a  typical  charge.  When  the  0.5  g  charge  is 
scaled  down  by  a  factor  of  2,  a  charge  weighing  0.0625  g  results.  However,  the  smallest 
charge  we  can  easily  work  with  is  a  single  RP-87  detonator  containing  0.069  g  of  RDX 
and  PETN.  This  is  a  10%  mass  error,  larger  than  might  be  desired,  but  since  it  is  only  a 
3%  scale  error,  we  do  not  believe  it  has  a  significant  effect  on  the  results  or  conclusions. 


All  of  the  data  were  gathered  visually  using  high  speed  video.  We  used  a  Phantom  vl20 
video  camera  and  most  of  the  data  were  taken  at  180,000  frames  per  sec  (5.5  ps  per 
frame),  with  some  of  the  4.0  g  tests  videoed  at  140,000  frames  per  sec.  The  position  of 
the  resulting  jet  and  dome  of  sand  were  digitized,  frame  by  frame,  and  put  into  Excel 
spreadsheets  for  analysis.  The  tests  with  the  0.5  g  and  0.069  g  charges  were  conducted  in 
a  test  bed  that  is  Sin.  wide  by  35  in.  long  with  transparent  sides  so  the  event  could  easily 
be  viewed  using  a  high  speed  video  camera  essentially  level  with  the  level  of  the  sand. 
See  Figure  9.  In  order  to  avoid  destroying  this  test  bed,  the  tests  with  4.0  g  charges  were 
carried  out  in  our  5  ft  by  5  ft  sand  test  bed. 

In  each  of  the  tests,  a  small  cone,  with  a  45°  half-angle.  Figure  10,  was  pressed  into  the 
sand  surface  to  create  a  controlled  depression  in  the  soil  directly  above  the  centerline  of 
the  charge.  (In  test  “Dome  43”  a  second,  off-center  depression  was  also  present.)  Three 
cone  sizes  were  used:  0.5,  0.25  and  0.125  in.  in  diameter.  Some  tests  were  repeated, 
either  to  get  some  insight  into  repeatability  or  to  make  up  for  poor  data.  In  test  Dome  38, 
not  listed  in  Table  1,  the  camera  failed  to  trigger  and  no  data  were  gathered. 

The  variables  considered  in  this  test  program  were  the  charge  size  (W),  the  depth  of 
burial  (DoB)  of  the  charge  and  the  diameter  of  the  cone  used  to  make  the  depression  in 
the  sand  surface.  The  tests  can  be  divided  in  four  groups.  Test  Dome  30  can  be  thought 
of  as  the  ‘central’  test  and  all  the  others  as  variations  of  it.  Table  2  shows  the  tests  used 
to  investigate  the  scalability  of  the  jetting  phenomenon.  In  the  tests  shown  in  Tables  3,  4 
and  5  each  of  the  three  parameters  was  varied,  with  the  other  two  held  constant. 

Table  1  shows  the  test  conditions  for  the  Dome  30  test.  Figure  1 1  shows  the  surface  of 
the  sand  prior  to  the  test.  The  cone  diameter  is  0.25  in.  To  provide  a  scaled  distance  to 
enable  data  reduction,  the  two  pieces  of  black  tape  are  two  inches  apart.  The  next  two 
figures  come  from  the  high  speed  video  of  the  event.  Figure  12a  shows  the  jet  just 
beginning  to  form  and  Figure  12b  shows  the  jet  fully  formed.  Notice  the  spray  from  the 
surface  of  the  sand.  This  spray  often  made  it  difficult  to  determine  the  exact  location  of 
the  top  of  the  dome  of  sand  developed  by  the  explosive.  This  figure  also  shows  smaller 
jets  forming  farther  from  the  center  of  the  charge,  based  on  natural  depressions  between 
the  larger  grains  of  sand. 

Test  Results  and  Discussion 


The  test  results  seem  to  be  reasonably  repeatable.  The  test  conditions  of  Dome  30,  Dome 
43  and  Dome  44  were  nominally  identical.  Figure  13  shows  the  location  of  the  jet  tip  as 
a  function  of  time  in  each  of  these  cases.  Figure  14  shows  the  location  of  the  top  of  the 
dome  in  these  tests.  The  dispersion  is  greater  in  the  latter  case,  but  the  top  of  the  dome  is 
more  difficult  to  track  than  the  jet  because  of  the  spray  over  the  top  of  the  dome.  In  both 
cases,  the  line  labeled  “Target”  is  where  a  target  16  in.  above  the  ground  would  be  if  the 
charge  weighed  10  lb.  This  is  the  case  in  all  figures  where  there  is  a  line  labeled 
“Target.” 


Figure  15  shows  all  of  the  jetting  data  believed  to  be  valid  from  the  tests  of  Table  2, 
whieh  includes  only  tests  that  are  scaled  versions  of  each  other.  The  time  and  position 
have  been  brought  to  a  common  scale  by  dividing  them  by  It  suggests  that  the 
jetting,  or  finger,  process  scales  reasonably  well,  at  least  over  the  range  of  values  used  in 
this  test  program.  The  linear  scale  factor  from  the  largest  to  the  smallest  charge  is  four. 
Given  the  difficulty  in  placing  the  charge  accurately  in  depth  and  the  difficulty  in 
digitizing  the  high  speed  video,  the  dispersion  at  a  height  equivalent  to  16  in.  for  a  10  lb 
charge  is  remarkably  small.  Figure  16  shows  the  location  of  the  top  of  the  soil  domes  as 
a  function  of  time.  Again  the  data  have  been  reduced  by  the  factor  to  bring  them  to 
a  common  scale.  In  this  case,  the  dispersion  is  larger  than  in  the  case  of  the  jets,  but 
because  of  the  initial  spray  caused  by  the  shockwave’s  reflecting  from  the  surface,  the 
actual  surface  of  the  dome  is  more  difficult  to  discern  and  hence,  harder  to  digitize 
accurately. 

Notice,  in  Figure  15,  the  curves  are  generally  concave  downward:  The  jets  are  slowing 
with  time.  However,  the  curves  in  Figure  16  are  generally  concave  upward:  The  domes 
are  still  accelerating.  Jetting  is  driven  by  the  shock  output  of  the  charge.  The  jet  acquires 
its  maximum  speed  very  quickly,  even  on  the  time  scales  used  in  these  tests,  and  then 
starts  losing  velocity  almost  immediately.  Rising  of  the  dome,  on  the  other  hand,  is 
driven  by  the  expanding  gas  bubble  and  takes  place  over  a  time  period  comparable  to  the 
one  in  these  experiments.  This  suggests  that  if  the  target  is  far  enough  away,  the  jetting, 
or  finger,  effects  are  of  reduced  importance.  This  emphasizes  that  in  considering  the 
buried  lED  problem,  near-field  effects  are  unusually  important. 

Figure  17  shows  the  position  of  the  domes  and  the  jets  for  three  different  sizes  of  cones. 

It  is  not  necessary  to  use  reduced  values  to  compare  these  results  since  all  of  the  tests 
were  conducted  with  the  same  size  charge  and  the  same  DoB.  The  positions  of  the  three 
domes  as  a  function  of  time  are  essentially  the  same,  as  they  should  be,  since  all  of  the 
tests  were  conducted  with  the  same  charge  size  and  DoB.  At  the  scale  we  are  interested 
in  in  this  investigation,  i.e.,  quite  small  depressions  in  the  soil  surface,  the  size  of  the 
depression  has  no  effect  on  the  height  of  the  dome  as  a  function  of  time.  However,  if  we 
consider  the  position  of  the  jet  relative  to  the  to  surface  of  the  dome,  rather  than  its 
absolute  position.  Figure  18,  the  jets  from  the  0.125  in.  and  0.25  in.  cones  have  about  the 
same  position  as  a  function  of  time,  whereas  the  jet  from  the  0.5  in.  cone  has  a  somewhat 
higher  velocity.  This  is  very  little  data  on  which  to  base  a  conclusion,  but  the  data  do 
suggest  that  there  may  be  some  depression  size,  below  which  the  jetting  phenomenon 
changes  little  with  the  size  of  the  depression  in  the  soil. 

When  the  DoB  is  varied,  with  the  charge  mass  and  the  size  of  the  depression  in  the  soil 
held  constant,  as  shown  in  Table  4,  it  appears  that,  over  the  time  interval  examined  in 
these  tests,  the  peak  (i.e.,  initial)  velocity  of  the  jet  decreases  at  somewhat  less  than  the  -2 
power  of  the  reduced  DoB.  Figure  19  shows  the  position  of  the  jets  as  a  function  of  time. 
Figure  20  shows  the  initial  velocity  of  the  jet  as  a  function  of  reduced  DoB.  This  curve 
was  developed  by  fitting  a  curve  to  the  data  of  Figure  19  and  differentiating  the  equation 
of  the  curve  with  respect  to  time  and  then  finding  the  velocity  when  the  height  of  the  jet 
is  zero.  It  shows  that  the  initial  velocity  of  the  jet  falls  off  with  increasing  reduced  DoB 


at  somewhat  less  than  the  -2  power.  The  initial  velocity  of  the  dome  raised  by  the  gas 
bubble  can  be  viewed  the  same  way.  It  decreases  much  more  rapidly  with  increasing 
reduced  DoB  than  does  the  initial  velocity  of  the  jet.  Note,  however,  in  Figure  21,  that  in 
any  one  event,  the  velocity  of  the  dome  increases  with  time.  The  initial  velocity  of  the 
dome  is  not  its  peak  velocity.  This  is  a  bit  hard  to  see  in  the  case  of  the  Dome  35  dome  in 
which  the  DoB  of  the  charge  was  only  0.595  in.  However,  a  careful  examination  of  this 
curve  show  that  the  velocity  of  the  dome  does,  in  fact,  initially  increase  after  forming, 
though  it  eventually  starts  to  decrease.  Because  of  its  shallow  burial  and  the  consequent 
reduced  mass  of  soil  over  the  charge,  it  accelerates  very  much  more  rapidly  than  the 
others,  reaches  a  peak  velocity  very  quickly  and  then  starts  to  decrease. 

The  set  of  tests  in  which  the  size  of  the  charge  was  varied  with  the  DoB  and  size  of  the 
depression  in  the  soil  held  constant,  shown  in  Table  5,  can  be  related  to  the  previous  set 
of  tests.  Figure  22  shows  the  reduced  position  of  the  jets  and  domes  as  a  function  of 
reduced  time.  Not  surprisingly,  the  larger  the  charge,  all  else  the  same,  the  faster  the  jets 
and  domes  rise.  However,  if  curves  are  fitted  to  these  data  and  differentiated  in  the  same 
way  as  in  the  set  above,  in  which  the  DoB  was  varied,  we  can  determine  the  initial 
velocity  of  these  jets  as  a  function  of  reduced  DoB.  When  these  data  are  plotted  on  the 
same  graph  with  the  jet  data  above.  Figure  23,  we  obtain  a  line  with  a  different  slope.  In 
this  case,  the  velocity  of  the  jet  decreases  with  increasing  reduced  DoB  at  more  than  the  - 
2  power.  At  this  time  we  have  no  explanation  for  this  difference.  There  are  several 
possible  reasons  for  this  discrepancy,  not  the  least  of  which  is  that  the  data  set  is  very 
small  and  this  merely  represents  scatter  in  the  data.  However,  the  difference  is  large 
enough  that  we  feel  that  the  difference  could  be  real.  It  could  be  that  the  scaling  method 
used  here  (developing  reduced  values  of  the  data  with  the  factor  power)  is 
inadequate.  In  any  case  this  issue  merits  further  investigation. 

In  addition  to  the  tests  described  above,  several  addditional  tests  were  conducted  to 
explore  other  aspects  of  the  jetting  (finger)  phenomenon.  These  are  described  below. 

One  of  the  mechanisms  postulated  for  the  development  of  fingers  or  jets  when  a  charge  is 
detonated  with  a  soil  overburden,  especially  a  sandy  soil,  is  the  existence  of  “chains”  of 
grains  of  sand  that  can  transmit  forces,  more  directly  and  with  less  damping  than  can  the 
bulk  of  the  soil  [4].  We  conducted  two  tests  in  which  we  embedded  pre-formed  chains  of 
sand  grains  in  the  soil  above  the  charge.  Both  were  conducted  with  0.5  g  charges.  One 
was  buried  1.19  in.  deep;  the  other,  0.19  in.  deep.  The  pre-formed  chains  were 
constructed  by  making  a  very  small  diameter  hole  in  a  piece  of  wax,  filling  the  hole  with 
sand  and  a  very  low  viscosity  epoxy.  Once  the  epoxy  was  fully  hardened,  the  wax  was 
melted  away  leaving  a  thin,  pre-formed  chain  of  sand  grains.  These  pre-formed  chains 
were  embedded  in  the  sand  above  a  buried  charge  in  tests  which  were  viewed  using  very 
high  speed  video  (100,000  and  180,000  frames  /  sec).  There  did  not  seem  to  be  any 
preferential  location  of  the  fingers  or  jets  in  the  resulting  soil  movement.  As  a  result,  we 
have  concluded  that  this  is  not  a  likely  source  of  the  fingers  that  are  formed  when  a 
buried  charge  detonates. 


In  test  Dome  43  there  were  two  indentations  in  the  soil,  both  made  by  the  0.25  in. 
diameter  cones.  One  indentation  was  centered  on  the  charge,  as  in  test  Dome  30.  The 
other  was  centered  three  cone  radii  (0.375  in.)  to  one  side.  Since  the  charge  is  0.250  in. 
in  radius,  this  puts  the  offset  cone  near  the  edge  of  the  charge  in  plan  view.  Figure  23 
shows  the  positions  of  the  two  jets  at  two  different  times.  The  initial  velocity  of  the 
center  jet  was  7190  in/sec.  The  initial  velocity  of  the  offset  jet  was  6287  in/sec. 

However,  the  DoB  of  the  charge  was  1.19  in.,  quite  deep.  Thus  the  shock  wave  was 
nearly  spherical  by  the  time  it  reached  the  conical  indentations  in  the  soil.  See  Figure  5. 
Therefore,  it  traveled  slightly  farther  to  the  off-center  charge.  Even  so,  the  difference  in 
the  velocities  of  the  two  jets  is  only  a  little  more  than  the  difference  in  vertical  velocity 
between  the  two  points  on  the  dome  of  sand  pushed  up  by  the  gas  bubble. 

In  test  Dome  44,  we  used  black  sand  to  investigate  sand  mixing  in  the  jetting  process. 

The  charge  size,  DoB  and  cone  size  were  the  same  as  in  test  Dome  30.  Figure  25  shows  a 
pre-test  view  with  the  0.25  in.  cone  still  in  place.  It  was  removed  before  the  test.  The 
center  circle  of  black  sand  is  .05  in.  in  diameter.  The  outer  black  ring  has  a  1.0  in.  inner 
diameter  and  a  1.5  in.  outer  diameter.  The  black  sand  was  0.5  in.  deep,  so  it  extended 
below  the  indentation  made  by  the  0.25  in.  cone.  High  speed  videos  of  the  test  from 
above  and  from  the  side  showed  no  apparent  mixing  of  either  the  inner  black  circle  of 
sand  or  the  outer  ring  with  the  other  sand  over  the  time  interval  in  which  we  are 
interested.  See  Figures  26  and  27. 

Conclusions 


A  comparison  of  the  three  essentially  identical  tests,  Domes  30,  43  and  44  shows  that  the 
results  of  this  kind  of  testing  are  repeatable  provided  the  initial  conditions  are  the  same. 
This  shows  that  a  further,  more  extensive  experimental  investigation  of  the  jetting  or 
finger  phenomena  is  likely  to  be  useful.  The  formation  and  evolution  of  the  jets  and 
domes  seem  to  scale  reasonably  well.  Figures  15  and  16  showed  that,  over  the  range  of 
scale  considered  her,  the  position  of  the  tip  of  the  jet  and  the  top  of  the  dome  appear  to 
scale  reasonably  quite  well.  However,  Figure  23  suggests  that  further  investigation  is 
needed  to  ensure  that  the  scaling  method  used  in  this  report,  is  fully  adequate. 

It  does  not  appear  that  “force  chains”  of  sand  which  can  form  and  transmit  loads  through 
sand  independently  of  the  bulk  of  the  material  are  a  likely  driver  of  the  jets  seen  in 
uncontrolled  buried  explosions.  Two  tests  with  artificial  chains  of  sand  showed  no 
preferential  formation  of  jets.  As  a  result  of  these  two  tests  and  the  fourteen  tests  with 
depressions  in  the  surface  of  the  soil,  we  feel  that  the  most  likely  source  of  the  random  or 
chaotic  jetting  encountered  in  uncontrolled  buried  explosions  is  the  shockwave  (or 
pressure  pulse)  from  the  detonation  interacting  with  the  random  or  chaotic  natural 
depressions  in  the  surface  of  the  soil.  This  is  consistent  with  the  definition  of  RMI. 

The  shockwave  or  steep-fronted  high  pressure  pulse  drives  the  formation  of  the  jets  or 
fingers,  which  are  characteristic  of  RMI.  The  motion  of  the  bulk  of  the  material  directly 
above  the  charge,  the  dome,  is  driven  by  the  expansion  of  the  explosive  gas  bubble. 

These  conclusions  seem  intuitively  reasonable  and  are  supported  by  the  result  of  a  limited 


computational  effort.  The  jet  accelerates  very  rapidly,  and  then  slows,  presumably  due  to 
gravity  and  air  drag,  over  the  time  period  investigated  in  this  effort.  The  dome  generally 
accelerates  continuously  throughout  the  time  period  of  interest  in  this  investigation,  that 
is,  up  to  about  one  millisecond.  This  suggests  that  at  some  point,  the  difference  between 
the  dome  and  jet  velocities  will  become  unimportant.  It  emphasizes  that  in  the  case  of 
buried  mines  and  lEDs  near-field  effects  are  unusually  important. 

The  DoB  of  the  charge  and  the  weight  of  the  charge  are  related  in  the  function  (DoB/ 
the  reduced  DoB.  The  peak  velocity  of  the  jet,  which  is  its  initial  velocity, 
decreases  as  the  charge  is  either  reduced  in  weight  or  buried  deeper.  The  present  data 
show  that  when  the  DoB  is  increased,  the  initial  velocity  of  the  jet  decreases  at  slightly 
less  than  the  -2  power  of  the  reduced  DoB,  but  when  the  charge  weight  is  decreased,  the 
initial  velocity  of  the  jet  decreases  at  slightly  greater  than  the  -2  power  of  the  reduced 
DoB.  At  this  time  it  is  unclear  whether  this  is  due  to  the  scatter  in  the  data  which  must  be 
expected  when  one  is  dealing  with  soil  as  a  medium  or  whether  a  different  form  of 
scaling  might  be  needed.  It  should  be  noted  that  in  most  cases  dealing  with  shock  effects, 
scaling  works  quite  well  and  the  jetting  process  appears  to  be  a  shock  driven 
process. 

The  sand  in  the  jet  can  be  thought  to  have  “liquefied,”  somewhat  after  the  fashion  of  the 
jet  from  a  shaped  charge  warhead.  However,  there  does  not  appear  to  be  any  other  visual 
evidence  of  liquefaction  of  the  sand  -  water  mixture.  The  test  with  colored  sand  showed 
that  there  is  very  little  mixing  of  the  soil  in  the  time  period  of  interest  to  this  problem. 
When  all  of  the  tests  with  depressions  in  the  soil  are  viewed  as  a  whole,  it  appears  that 
depressions  in  the  surface  of  the  soil  of  the  size  tested  in  this  program  have  little  or  no 
effect  on  the  motion  of  the  soil  dome. 

We  conducted  one  test  with  two  equal  size  depressions  in  the  soil.  One  was  centered 
over  the  charge.  The  other  was  near  the  edge  of  the  charge,  in  plan  view.  The  velocity  of 
the  off-center  jet  was  88%  of  that  of  the  on-center  jet,  showing  that  the  jet  velocity  does 
not  fall  off  much  with  location  of  the  depression,  provided  it  is  within  the  diameter  of  the 
charge,  even  when  the  charge  is  quite  deep.  This  seems  consistent  with  the  high-speed 
video  picture  shown  in  Figure  1.  Notice  that,  in  this  view,  the  size  of  the  jets  (fingers) 
falls  off  very  quickly  beyond  the  radius  of  the  charge. 


Recommendations 

Because  the  interaction  between  the  explosion  of  a  buried  charge  and  the  target  takes 
place  in  the  near-field  of  the  explosion  and  causes  large  variations  in  the  local  loading  on 
the  target,  quantifying  the  finger  or  jetting  phenomenon  is  important  in  designing 
vehicles  better  to  resist  buried  mines  and  EEDs.  Consequently  the  problems  discussed  in 
this  report  merit  further  exploration,  both  experimentally,  and  with  support  by 
computation  using  a  good  Eulerian  code  with  a  good  soil  model.  Computational  support 
of  an  experimental  effort  is  very  important.  It  provides  insight  into  the  processes 
involved  that  is  sometimes  very  difficult  to  gain  experimentally.  Even  the  very  limited 


computational  support  we  obtained  for  this  effort  was  quite  useful.  Among  other  things, 
it  showed  that  the  density  of  the  material  in  the  jet  is  a  quite  high  pereentage  of  the  pre¬ 
test  density  of  the  soil.  This  emphasized  that  the  jets  can  contribute  significantly  to  the 
load  on  the  target. 

One  of  the  issues  not  dealt  with  in  this  preliminary  study  is  the  surfaee  of  the  soil.  There 
should  be  a  study  of  the  roughness  of  the  soil  and  how  the  roughness  is  distributed  not 
only  spatially,  but  also  in  the  frequency  of  sizes  and  shapes  of  indentations.  There  should 
be  an  attempt  to  characterize  the  roughness,  perhaps  statistically.  In  this  program,  we 
originally  planned  to  eonduct  some  explosive  tests  with  saturated  sand  which  has  a  much 
coarser  grain  size,  but  we  ran  out  of  time  and  money  before  we  could  conduct  these  tests. 
The  coarser  grain  size  would  provide  larger  “natural”  indentations  in  the  surface. 

Further  investigation  of  this  phenomenon  should  also  inelude  different  geometries  of 
depressions  in  the  soil:  different  cone  angles,  as  well  as  non-  conical  shapes  such  as  those 
with  rounded  bottoms  or  pyramidal  shapes.  In  the  natural  environment,  the  size  and 
shape  of  the  depressions  in  the  surface  of  the  soil  is,  in  part,  a  function  of  the  size  and 
shape  of  the  particles  making  up  the  surfaee  of  the  soil,  therefore  they  can  have  a  variety 
of  shapes  and  sizes.  The  tests  in  which  the  depression  in  the  soil  was  varied  while  the 
charge  size  and  DoB  were  held  eonstant  suggest  that  there  may  be  a  depression  size 
below  which  the  jet  velocity  changes  little.  This  should  also  be  investigated  further. 

Additional  tests  are  needed  in  which  the  impact  (stagnation)  pressure  of  the  jets  and 
domes  are  measured  while  they  are  being  recorded  with  high  speed  video.  This  will 
provide  a  correlation  between  the  measured  velocity  of  the  jet  and  dome  and  the  pressure 
on  the  target.  This,  of  course,  enables  one  to  determine  the  effeetive  density  of  the 
material  actually  hitting  the  target  using  Bernoulli’s  Law,  and  provide  confirmation  of  the 
computational  model  being  used. 

The  sand  dome  raised  by  the  expanding  explosive  gas  bubble  is  smoother  when  the 
charge  is  deeper.  That  is,  jetting  decreases  and  effectively  disappears  if  the  charge  is 
deep  enough.  We  believe  this  effect  may  be  related  to  the  peak  pressure  in  the 
shockwave  /  pressure  pulse  that  drives  the  jetting,  or  to  its  shape  or  to  both.  Further 
effort  should  inelude  measuring  the  pressure  in  the  soil  as  a  funetion  of  time  during  the 
explosive  event.  This  has  been  done  successfully  on  a  larger  scale  using  tourmaline 
pressure  gages,  for  example,  [5].  With  quite  small  tourmaline  pressure  gages,  it  should 
be  possible  to  do  so  in  small  scale  tests  as  well.  Measuring  the  pressure  will  enable  one 
to  address  the  effeet  of  changes  in  the  shockwave  as  it  progresses  toward  the  surfaee  of 
the  soil  on  the  intensity  of  jetting  at  the  surface  of  the  soil.  This  will  also  provide  insight 
into  the  issues  related  to  the  discrepancy  between  the  effect  of  DoB  and  charge  weight 
shown  in  Figure  23. 
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Table  1  Tests  and  Test  Conditions 


Dome 

Cone 

DoB 

Charge 

Comment 

Number 

Dia  [in.] 

[in.] 

Mass  [g] 

29 

0.5 

1.19 

0.5 

30 

0.25 

1.19 

0.5 

31 

0.5 

2.38 

4 

32 

0.125 

0.595 

0.069 

33 

0.25 

2.38 

0.5 

35 

0.25 

0.595 

0.5 

36 

0.25 

1.19 

0.069 

37 

0.125 

1.19 

0.5 

#34  Replacement 

39 

0.25 

1.19 

4 

Poor  data 

40 

0.25 

1.19 

4 

Re-run  of  #39 

41 

0.5 

1.19 

4 

Re-run  of  #31 

42 

0.125 

0.595 

0.069 

Re-run  of  #32 

43 

0.25 

1.19 

0.5 

Variant  of  #30  Two  cones 

44 

0.25 

1.19 

0.5 

Variant  of  #30  Colored  sand 

Table  2  Scaled  Tests 

Test 

Cone 

DoB 

Charge 

Number 

Dia  [in.] 

[in.] 

Mass  [g] 

41 

0.5 

2.38 

4 

31 

0.5 

2.38 

4 

30 

0.25 

1.19 

0.5 

43 

0.25 

1.19 

0.5 

44 

0.25 

1.19 

0.5 

32 

0.125 

0.595 

0.069 

42 

0.123 

0.595 

0.069 

Table  3  Cone  Size  Varied,  i 

all  else  Constant 

Test 

Cone 

DoB 

Charge 

Number 

Dia  [in.] 

[in.] 

Mass  [g] 

29 

0.5 

1.19 

0.5 

30 

0.25 

1.19 

0.5 

43 

0.25 

1.19 

0.5 

44 

0.25 

1.19 

0.5 

37 

0.125 

1.19 

0.5 

Table  4  DoB  Varied,  All  Else  Constant 


Test 

Cone 

DoB 

Charge 

Number 

Dia  [in.] 

[in.] 

Mass[g] 

33 

0.25 

2.38 

0.5 

30 

0.25 

1.19 

0.5 

43 

0.25 

1.19 

0.5 

44 

0.25 

1.19 

0.5 

35 

0.25 

0.595 

0.5 

Table  5  Charge  Size  Varied,  All  Else  constant 


Test 

Cone 

DoB 

Charge 

Number 

Dia  [in.] 

[in.] 

Mass  [g] 

40 

0.25 

1.19 

4 

30 

0.25 

1.19 

0.5 

43 

0.25 

1.19 

0.5 

44 

0.25 

1.19 

0.5 

36 

0.25 

1.19 

0.069 

Pressure  [PSI] 


Figure  2  Peak  Pressure  vs  Distance  From  Charge  Centerline,  Three  Tests 
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Figure  3  Peak  Pressure  vs  Distance  From  Charge  Centerline  With  Additional  Data 


Figure  4  Frame  From  High-Speed  Video,  0.5g  DETASHEET  Charge  DoB  =  1.19  in. 


Figure  5  Computed  Result,  0.5g  DETASHEET  Charge,  DoB  =  1.19  in.,  0.5  in.  Dia  Cone  on  Right,  No  Cone  on  Left 
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Figure  6  Detail  of  Dome  and  Jet  From  Lower  Left  View  of  Figure  5 


Testbed  Sand  Size  Distribution 


Figure  7  Sand  Grain  Size  Distribution 


Figure  8  0.5g  DETASHEET  Charges 


Figure  9  “2-D”  Test  Bed  Used  for  Tests  with  0.5g  and  0.069g  Charges 


Figure  10  Forms  Used  to  Create  0.5,  0.25  and  0.125  Depressions  in  Sand 


Figure  1 1  “2-D”  Test  Bed  With  0.25  in.  Depression  in  Sand  Prior  to  Test 
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Figure  12  Jet  From  Dome  30  Test,  0.5g  Charge,  DoB  =  0.5  in.  at  t  =  73.9  and  134.8  |xs 
After  Firing 
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Figure  13  Position  of  Jet  Tip  vs  Time,  Three  Nominally  Identical  Tests 


Reduced  Position  [in/W'^(1/3)]  Cfq  Position  [in.] 


Domes  30,43  &  44  Domes 


ure  14  Position  of  Sand  Dome,  Three  Nominally  Identical  Tests 


Dome  31  &  41 ;  30,  43  &  44;  32  Jets  Reduced 
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Figure  15  Reduced  Positions  of  Jets  vs  Reduced  Time  for  Scaled  Tests 


Dome  41 ;  30,  43  &  44;  30  &  42  Domes  Reduced 
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Figurel6  Reduced  Positions  of  Domes  vs  Reduced  Time  for  Scaled  Tests 


Dome  29,  30  &  37  Domes 
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Figure  17  Position  of  Jets  and  Domes  vs  Time,  Three  Cone  Sizes,  All  Else  Same 
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Figure  18  Position  of  Jets  Relative  to  Domes,  Three  Cone  Sizes,  All  Else  Same 


Domes  33,  30,  35  Jets 


Figure  19  Position  of  Jets,  Three  Different  DoBs,  All  Else  Same 
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Initial  Jet  &  Dome  Velocities  vs  Reduced  DOB 
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e20  Initial  Velocity  of  Jets  and  Domes  vs  Reduced  DoB,  0.5  in.  Dia  Cone  and  0.5g 
Charge 


Dome  30,  33,  35  Domes 


Figure  21  Position  of  Sand  Domes  Three  Different  DoBs,  All  Else  Same 
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Domes  30,  36  &  40  Reduced  Jets 
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Figure  22  Position  of  Jets  and  Sand  Domes,  Three  Different  Charge  Weights,  All  Else 
Same 


Initial  Jet  Velocity  vs  Reduced  DoB 


Figure  23  Initial  Velocity  of  Jet  vs  Reduced  DoB,  Charge  Weight  and  DoB  Vary 


Figure  24  Test  Dome  43,  0.5g  DETASHEET,  DoB  =  1.19  in.,  Two  Jets,  t  =  142.8  and 
170.54  [IS 


Figure  25  Test  Dome  44,  0.5g  DETASHEET,  DoB  =  1.19  in..  Pre-test 


Figure  26  Test  Dome  44  t  =  408  |xs 


Figure  27  Test  Dome  44  t  =  408  |xs 


